ntracranIal lateral venous sinus (LS) stenoses have been associated with idiopathic intracranial hypertension (IIH) 12 and venous pulsatile tinnitus (PT). 2, 6 The measurement of the venous transstenotic pressure gradient (TSG) is traditionally performed in patients with IIH to assess the indications for stenting. 12 However, both the reliability of this technique and the value of the threshold TSG have been questioned by many authors. 4, 7 The clinical assessment of PT may be challenging in patients without IIH, and the discovery of LS stenoses can be incidental.
TECHNICAL NOTE
I ntracranIal lateral venous sinus (LS) stenoses have been associated with idiopathic intracranial hypertension (IIH) 12 and venous pulsatile tinnitus (PT). 2, 6 The measurement of the venous transstenotic pressure gradient (TSG) is traditionally performed in patients with IIH to assess the indications for stenting. 12 However, both the reliability of this technique and the value of the threshold TSG have been questioned by many authors. 4, 7 The clinical assessment of PT may be challenging in patients without IIH, and the discovery of LS stenoses can be incidental. 5 It can be therefore difficult to ascertain the role that these stenoses play in patients with PT. There is a clear need for a more precise diagnostic tool to help determine reliable hemodynamic criteria, which will help better predict which patients with symptomatic LS stenoses will benefit from stenting. A dual-sensor wire is commonly used in cardiology to measure both pressures and velocity across an atherosclerotic lesion. This physiological approach has proven more beneficial in the selection of therapeutic targets for coronary revascularization compared with measurement of pressures alone. 9 The purpose of the present study was to evaluate the hemodynamic consequences of symptomatic dural-sinus stenoses in terms of venous blood flow velocities (BFVs) and venous pressures in a prospective series of 14 patients in whom exploration was performed using a dual-sensor pressure and Doppler velocity guidewire.
Methods
After receiving institutional review board approval, we collected the clinical, radiological, and hemodynamic data of patients in whom exploration was performed using a dual-sensor guidewire (ComboWire, Volcano Corporation [Philips]) for a disabling venous PT, with or without IIH, associated with an ipsilateral LS stenosis confirmed on imaging. Written informed consent was obtained before the procedure for all patients according to local institutional protocol. All patients underwent an otoscopic examination, MRI with MR angiography and MR venography, and bone CT scanning to exclude other causes of PT.
Using local anesthesia, the diagnostic procedures were performed via a 5-F venous femoral sheath. The stent placement and the poststenting hemodynamic measure-ments were performed with the patient under general anesthesia, via an 8-F jugular sheath. A Traxcess-14 microwire (MicroVention) was used to navigate a 21-inch Prowler Select Plus microcatheter to the origin of the superior sagittal sinus. Venous pressure and the BFV were measured at the origin of the superior sagittal sinus, at the site of maximal sinus stenosis, or in the stent and in the sigmoid sinus before and after stent placement. A 0.014-inch dual-sensor pressure and Doppler velocity ComboWire was used in combination with ComboMap matching hardware to measure the venous pressures and the BFV. All pressure and velocity signals were recorded at 200 Hz. In addition, the venous pressures were measured using the microcatheter through an invasive arterial transducer (manometric measurement) and were compared with the venous pressures measured with the dual-sensor guidewire.
Statistical Analysis
Statistical analyses were performed with Stata software (StataCorp). Quantitative variables are expressed in median. Statistical analyses were performed using a Wilcoxon matched-pairs signed-rank test for continuous variables. A p value < 0.05 was considered significant.
Results
Fourteen patients (all female) were included in our study: 6 with an isolated venous PT and 8 with venous PT associated with IIH. The median age at symptom onset was 26.5 years (range 12-69 years), and the median age at time of stenting was 30.0 years (range 21-70 years). The median BMI was 26.8 kg/m 2 (range 21-38 kg/m 2 ). The PT immediately resolved following stent placement in all patients. The hemodynamic data are summarized in Table 1 and 
Discussion
The TSG is traditionally used to assess the indication for LS stenting in patients with IIH. 11 It is usually measured using an invasive arterial transducer connected to a microcatheter. However, the reliability of this measurement is questioned by many authors, 12 and the value of the threshold gradient is still unclear (4 to 10 mm Hg). It has been demonstrated that some patient-related parameters, such as general anesthesia or recent therapeutic CSF drainage, may significantly modify the intracranial venous pressures. 4, 7, 12 Otherwise, some technical limitations of both manometric and ComboWire measurements should be considered in the exploration of intracranial venous pressures. We used a Prowler Select Plus microcatheter for the manometric measurement of the venous pressures in our series. Avery et al. have tested the precision of such a microcatheter in manometric pressure measurement in a flow model of venous sinus stenoses, and they found an error range of ± 2 mm Hg (range 0-20 mm Hg). 1 They demonstrated that venous pressures measured with neurovascular microcatheter were lower than pressures measured with a high-fidelity microcatheter.
1 On the other hand, most experiences with the ComboWire come from the cardiology literature, where studies have documented that < 10% of such measurements fell outside the acceptable range of ± 2 mm Hg, 3 while the error range of the ComboWire given by the manufacturer is ± 3 mm Hg (range -30 to +100 mm Hg). Regarding this error range of at least ± 2 mm Hg for both systems, it seems technically hazardous to propose low-threshold gradients such as 4 mm Hg 7 to assess the indication for stenting in patients with dural-sinus stenoses, even if the use of a ratio rather than a fixed empirical figure minimizes any potential error introduced from transducer error drift. Thus, the measurement of the blood flow velocity appears to be an interesting complementary tool for the exploration of venous pressures in patients with low pressure gradients (< 10 mm Hg) and a clinical picture suggestive of a symptomatic LS stenosis. Seven patients in our series had a TSG lower than 10 mm Hg, but all of them had a significant increased BFV in the stenosis (i.e., a ratio [velocity in the superior sagittal sinus/velocity in the stenosis] < 0.5). The PT disappeared and the venous BFVs were normalized after stent placement in all patients. This suggests that the reliability of the TSG pressure measurement alone was not sufficient to assess the indication for stenting in half of the patients with PT, while the sensitivity of the BFV appeared to be better.
In comparison to the manometric measurement, which provides measurement of only one variable, the ComboWire provides accurate flow and pressure measurements (Fig. 2) . The ComboWire was first developed for advanced physiological assessment of fractional and coronary flow reserves in cases of coronary artery stenosis.
9 It was used in the neurovascular area in small case studies to assess the hemodynamic consequences of flow diversion for intracranial aneurysms 8, 13 or of partial embolization of brain arteriovenous malformations. 10 However, its use in brain arterial structures is not in widespread clinical practice at present because of the risk of perforation and of thrombus formation, on one hand, and of the absence of clear clinical benefit resulting for such hemo- dynamic measurements, on the other hand. Navigation of the ComboWire in the dural sinuses appears to be safer than navigation in the cerebral arteries. The risk of perforation is very low since the dural sinuses are covered by the dura mater, and the occurrence of a thrombotic complication is unlikely in the venous circulation. We found that the VBF was significantly accelerated inside the stenosis. This acceleration, as well as the PT, resolved in all patients following stent placement. This finding supports the pathophysiological hypothesis suggesting that the tinnitus is caused by the acceleration and turbulence of the blood flow in the LS stenosis, close to the inner ear. 2 The acceleration of the BFV in the stenosis therefore seems to be a more reliable hemodynamic criterion than the measurement of the TSG alone to underscore the role of the stenosis in the development of the bruit. The capability of a dual-sensor wire to simultaneously obtain intravenous pressure and BFV appears to be especially promising in this clinical scenario.
Limitations of the Study
The small number of patients is a main limitation of this study; however, this was a hypothesis-generating observational study, and we plan on further following such patients going forward.
Also, the lack of a comparative group is another limitation; however, the clinical and radiological assessments of patients presenting with PT in our institution are quite thorough, and we have previously published our results in this area. 6 In our previous series, only 1 of 14 patients had persistent tinnitus after stent placement. In the present observational study, in patients with isolated PT, stenting was indicated on clinical and radiological grounds, not based on hemodynamic parameters. In patient with IIH, a threshold TSG of > 4 mm Hg was used to assess the indication for stenting.
Finally, in 2 patients, the measurements with the ComboWire could not be performed after stenting because of a dysfunction of the wire at the end of the procedure.
Conclusions
The use of a dual-sensor guidewire to measure both pressures and velocities across a stenotic lesion of the venous sinus seems to be an effective diagnostic strategy that can help assess the indications for stenting. This approach may prove superior to the measurement of pressures alone, especially in patients with low TSG (< 10 mm Hg) for which technical biases cannot be avoided. This combined approach for hemodynamic assessment of venous dural sinus stenoses with both venous pressures and BFVs warrants further investigation and larger comparative studies.
